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ABSTRACT
A study was made on the effects of adding 0.5 weight

percent boron to the ordered intermetallic Cobalt Aluninide.

Thirty gram (30g) specimens were induction melted in an

pure argon atmosphere and cast into a copper alloy bar mold.
The addition of boron raised the modulus of rupture from

30.1 to 44.3 ksi; increased the Knoop microhardness from

543 to 693; reduced the average grain size from 190 to 70

microns; and gave a more equiaxed grain structure.

X-ray

diffraction detected the presence of a second phase, AlB ,
12
in the material containing boron. Scanning electron microscopy revealed that the fracture mode in both types of

material was transgranular cleavage and that the fracture
surface of the material containing boron contained many

particles in the size range of 3 microns that the fracture

was forced to go around.

It was concluded that the increase

in the Modulus of Rupture was due to a reduction in flaw
size from the smaller, more equiaxed, grains, as well as

to the interference in crack propogation caused by the

particles.
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I. INTRODUCTION
A class of materials which shows promise for high

temperature applications are ordered intermetallic alloys.
In ordered lattices, the fact that dislocations travel in
pairs or groups puts certain constraints on their motion,

particularly at elevated temperatures. [1]

Because of

this, the strength of intermetallics does not degrade

rapidly with increasing temperature and, in many cases,

their yield strengths increase with increasing temperature.
This is opposite to what happens in disordered alloys.
The stronger bonding and closer packing in ordered

intermetallics also restricts atom mobility and results

in better creep resistance.

These properties make

intermetallics excellent candidates for high-temperature
turbine applications.

One of these alloys is cobalt alum

inide (CoAl), which consists of an equal number of Co and Al
atoms in a cubic B2 structure.

CoAl shows promise in that

it has a very high melting point (1648C), and an ordered

structure that gives it high creep resistance at elevated
temperatures. [2,3].

Its specific gravity is around 6, mak

ing it two-thirds the density of Ni-based superalloys, and it
has a high specific stiffness of 48 GPa at room temperature.
[4]

Because CoAl has a high aluminum content and a relatively

2

low coefficient of thermal expansion, it can be expected
to have excellent high temperature oxidation resistance.
[1,5]

CoAl is thus an excellent candidate material for

use in high temperature turbine applications.

The reason intermetallics aren't already widely used

for jet turbine applications is because they are too
brittle.

This property not only makes them difficult or

impossible to fabricate, but also makes them unusuable
for any critical structural applications.

One reason

for this brittleness is their limited number of

slip systems--the cause of their excellent creep

resistance--which doesn't permit extensive plastic
deformation.

weakness.

aluminide.

Another cause of brittleness is grain boundary

[1]

Brittleness is the main drawback for cobalt

As this brittleness has been observed in single

crystals of CoAl [2], it seems that grain boundary weakness
is not the primary problem.

CoAl, like the other B2 alum

inides (eg. FeAl, NiAl), has few slip systems, although
enough are present for general plasticity at elevated

temperatures. [6]

In order for CoAl to become a viable

engineering material, a way must be found to reduce this
brittleness.

Two methods of increasing ductility in inter

metallics are microalloying with boron and grain refinement.

3

Microalloying with boron has led to a strengthening

of the grain boundaries and a dramatic increase in the

ductility of Ni Al, an Ll
3

2

aluminide [1].

In the B2

aluminide NiAl, grain refinement below a critical grain

size of 20 microns led to an equally impressive increase
in its ductility at temperatures above 400C. [1]

Neither of

these methods have been attempted on CoAl, nor are any of the
mechanical properties known except for creep [2,3], micro

hardness [7], and elastic modulus [8], although these are
known for both

room and elevated temperatures.

Because so

little is known about CoAl, there is much basic research
that needs to be done in order to understand it better

and improve it.

This thesis covers the initial phase of a study aimed

at understanding cobalt aluminide.

In this part, the main

goal is the development of a technique for producing speci
mens suitable for study and for developing a procedure for
mechanically testing them.
with 0.5wt% B were made.

Specimens of pure CoAl and CoAl

CoAl without boron was chosen

because data is needed for comparison, while boron was added
because of its effects on the grain boundaries of Ni Al.

The mechanical tests performed were modulus of rupture (MOR)

and Knoop microhardness.

These tests were selected because

CoAl has a brittleness comparable to oxide ceramics.

Optical microscopy was performed to determine the micro-

4

structure of the castings in terms of grain size and
shape.

The presence of additional phases was determined

by X-ray diffraction.

Scanning electron microscopy was

used to examine and chacterize the fracture surfaces.

These analyses were then combined with the results

of the mechanical tests to determine the effects of 0.5wt%
boron on cobalt aluminide.
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II.

EXPERIMENTAL PROCEDURE

In order to determine the effects of adding 0.5wt% boron

to CoAl, it was necessary to develop a procedure for

fabricating and testing the specimens.

The fabrication part

of the procedure consisted of constructing a casting appa
ratus for producing the intermetallic into a rough shape,

and a finishing procedure for making specimens suitable for
The testing part consisted of the mechanical and

microstructural tests performed on the specimens to deter

mine the effects of adding boron.

A. CONSTRUCTION OF INDUCTION MELTING AND CASTING APPARATUS
A melting and casting apparatus was constructed for

making the intermetallic from its constituent elements and,

later, for casting the rough shapes which would be finished

into test specimens.

This apparatus consisted of a control

led atmosphere chamber, an induction feedthrough and coil,

melting and casting crucibles, and a mold for casting bars.
1. Construction of Controlled Atmosphere Chamber

Because at the high temperatures necessary for melting

CoAl, Co and Al would react very easily with oxygen.
necessary to build a controlled atmosphere chamber.

It was

The

chamber was modified from an existing crystal-growing

6

apparatus (See Figure 1, Plate 1), and consisted of a

stainless steel cylinder with two end caps.

The large open

ing on the existing side port was blanked off; and the 32mm
quick-flange opening was connected to a 1.25 11 vacuum valve,

and then to a Welch 1402 rotary vacuum pump.

There were also

three 0.125 11 NPT connections which contained a Varian 531

thermocouple gauge tube, a Matheson -15 to 30 psig diaphragm
gauge, and a 0.5 11 vacuum valve leading to the gas inlet.

The vacuum line to the pump contained a Lesker Micromaze
trap to prevent backstreaming of pump oil.

The top

endplate contained a 2 11 diameter viewing port, while the
bottom endplate contained a 1.55 11 compression vacuum

feedthrough.

The gas inlet led to a Drierite and molecular

molecular sieve gas purifier which then led to the gas
bottle.

The chamber was mounted on a steel stand and

separately grounded.

2. Construction of Induction Melting Coil

Induction melting was chosen as the best method to

rapidly melt the CoAl.

Two coils were made, one consisting

of wrapping 4 1/2 turns of 0.25" O.D. and 0.125" I.D. soft
copper tubing around a 1.75 11 mandrel with 0.2 11 spacing in

between, and the other consisting of 5 1/2 turns with 0.2 11
spacing around the same mandrel.

The two leads were then

sealed in a 1.5" O.D. chrome-plated brass tube using two-

ARGON
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Melting cell

8

Plate 1. Controlled atmosphere chamber. Going
around chamber clockwise from gas inlet valve
at very top: Matheson gauge; valve to vacuum
pump; micromaze foreline trap, silver-colored
on vacuum line; Welch 1402 vacuum pump; Varian
vacuum gauge tube, partially behind blanked port;
Drierite gas purifier. Power leads can be seen
going into chamber through feedthrough in bottom.
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part epoxy. (9]

The 5 1/2 turn coil and leads were all one

piece, while the 4 1/2 turn coil was connected to the two

lead ends which then went through the epoxy, making a three
piece coil. (See Plate 2)

The coil was connected to the

leads with flare fittings because compression fittings
were found to leak when under vacuum.

3. Construction of Melting Crucibles

Because of the thermal shock involved in melting the

cobalt aluminide, conventional thin-walled recrystallized
alumina crucibles cracked during heat-up.

It was then

decided to make thick-walled porous crucibles using the UMR

Ceramic Engineering Department's facilities.

The crucibles

were made of Morcocast K4 (10] with some water added to aid
in casting the ceramic into the mold.
vibra-cast into a mold.

The mixture was then

After a four hour set time, the

crucibles were removed from their molds and allowed to dry

for 24 hours at room temperature, followed by 24 hours at
60C.

They were finally fired either at 1550C for two hours

and given an eight hour furnace cool, or 48 hours at

1430C and given a 24 hour furnace cool.

The melting and

casting crucibles were identical in dimensions, except that

the casting crucible had a 0.25" hole in the bottom.
(see Plate 3)

The crucibles pumped down easily unless they

were allowed to get wet.
or three melts.

Most crucibles lasted for two

10

Plate 2. Induction melting coils. One-piece coil is
shown at left, three-piece coil assembly with new
5 1/2 turn coil is shown at right. Note crucibles
in coils. Copper tubing is 0.25" O.D.
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Plate 3. Melting and casting crucibles. Melting
crucible is at left; casting crucible is at right,
with 0.25 11 hole in bottom and blue Cobalt Oxide
visible.
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4. Construction of Bar Mold

Cobalt aluminide has a volume shrinkage of more than

15% from the liquid state to room temperature (Appendix A).

This, combined with CoAl's brittleness, eliminated the pos
sibility of using a tight-fitting mold.

Because of this a

loose mold was constructed out of a 0.5" x 2.5" copper
alloy bar.

The mold consisted of 5 surfaces: a 2.5" x

3.5" bottom plate; two 1.25" x 3.5" wall plates; and

two l" x 0.25" steel spacers.

The two wall plates and

steel spacers were held together with a neoprene O-ring,

and a pouring spout was drilled into the upper inside edges

of the wall plates.

This gave a mold cavity 3" long, 0.25"

wide and l" deep, more than sufficient for the size of the
charge (See Plate 4).

The interior mold walls had a sand

blasted surface finish.
5. Power Supply

The power supply used was a Lepel 25kw radio frequency

power supply belonging to the UMR Materials Research Center.
It had a maximum coil current of 400 amps and could be

turned on and off with a foot switch.
B. CHARGE PREPARATION

The source material used was 99.5% Co and 99.9% Al

in 2-5 mesh granule form, purchased from Aldrich Chemical

13

Plate 4. Bar mold. Scorching from previous casting
is visible on 1.25" high side wall. Note steel
spacers.
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Company.

The Al was shiny and metallic, but the Co was

covered with a black powdery oxide.

Melts in the 30g range

were mixed of equal atomic percentages of aluminum and

cobalt, with the Co/Al weight ratio being 2.184:1.

The

necessary Co was weighed out first and then 1/2.184 of the

weight of the co, plus or minus 0.05g of Al,was weighed out.
For the boron containing charges, 0.15g (approx 0.5wt%) of
boron was also added.

(See Melt Table in Appendix C.)

C. CHARGE MELTING PROCEDURE
In order for the bottom pouring crucible to work and

to remove the oxide present on the cobalt, it was first
necessary to melt the Co and Al at a temperature above

1648C (the melting point of CoAl) and allow it to solidify.
This was done by placing the Co in the bottom of the

crucible and setting the Al on top of it.

The lid was

then placed on the chamber and the chamber was pumped down
to 50 millitorr.

The chamber was then backfilled with pure

Ar and again pumped down to 50 millitorr.

The chamber was

backfilled a second time to 16 psi absolute with pure Ar.

For melting, the power supply was set to tap 12, the grid
current dial to 45, and the power knob to 120.

The power

was then turned on for three to five minutes until the

crucible was filled with liquid, easily distinguished due to

15
the motion of the liquid in the crucible from the electro
magnetic forces.

The power was then shut off, and the CoAl

button was allowed to cool below incandescence before the
top of the chamber was removed.
D. CLEANING THE CHARGE

A series of investigations with melt 11 showed that if

the melt was heated high enough so that all liquid was

present, the cobalt oxide would float to the top or go to

the sides where it could easily be removed by grinding. This
allowed clean buttons to be produced without removing the

oxide prior to the initial melting.

The oxide was appar

ently absorbed into the crucible, because when used

crucibles were reheated to lOOOC in air, blue cobalt oxide
was visible in the bottom of the crucible.

To clean the

charge, the button of aluminide was then removed from the

crucible and the outside scale removed with glass-bead

blasting and air cleaning.

The button was ground until

only gold-colored intermetallic remained.

(See Plate 5)

The button was then placed in methanol and ultrasonically

cleaned for 3 min.
30 min.

It was then removed and air dried for

16

Plate 5. CoAl buttons before and after cleaning.
Pure CoAl uncleaned on left, CoAl-.5%B cleaned
on riqht. Note differences in shrinkage void.

Plate 6. Bars as-cast, trimmed, and ground for
MOR testing (1 to r). Darkness of ground
bar due to reflectivity of smooth surface.
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E. CASTING BARS
The cleaned button was then placed in the casting

crucible (the one with the hole in the bottom) and

the bar mold was positioned beneath the hole.

After the

lid was placed back on the chamber, the chamber was pumped
down and backfilled twice as previously.

The power supply

was set to the same tap, grid control, and power settings as
before.

The sample was then heated until it was all melted.

When this occurred, the liquid intermetallic poured through
the hole,filling the cavity in the mold.

F. FINISHING TO MODULUS OF RUPTURE TESTING BARS
The bars in the as-cast condition were not of the

proper geometry or surface finish for MOR testing (See

Plate

6).

The first step was to grind the bottom of the

bar smooth so that it could be properly glued to the finish
ing holder.

The pouring area of the bar was next cut off

using a water-cooled diamond cut-off wheel.

This end was

cut off because it was the thickest and contained extensive

shrinkage.

The bottom of the bar was then glued to the

finishing holder, a 0.4" x 0.4" x 2.25" steel bar, using a
thermomelting cement with an 82C melting point.

The holder
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was preheated to 125C prior to gluing so that the cement
would be very fluid.

After cooling, the bar was coarse

ground on a water-cooled belt sander using 120 grit sic

sandpaper.

Once a smooth square-edged surface was obtained,

the cement was melted, the bar was inverted, and the fresh
ground side was glued to the holder.

This side was also

ground until a smooth square-edged surface was also

obtained.

This grinding was repeated for the other 2 sides.

After coarse grinding, it was necessary to fine grind

to a surface finish in the 5 to 25 micron range.

This

was accomplished by using metallographic strip grinders.

Some of the bars were ground down to 250 grit on three sides
and 600 grit (25

microns) on the fourth side, which was

generally one of the two widest sides.

Other bars were

ground down to 600 grit on three sides and polished to 5

microns on the fourth, and generally one of the widest
sides.

The finish of each bar is indicated in the data.

For a diagram of a test bar, see Figure 2.

G. MODULUS OF RUPTURE TESTING
The modulus of rupture tests (Plate 7) were conducted on

an Instron TTDL using the three-point bending jig constructed

for Jawoong Ha of the UMR Ceramic Engineering Dept's Refrac
tory and Structural Ceramics Group. [11]

The spacing between

the lower supports was set at 1", enabling the maximum number

19

L

ALL
ANGLES
°
90

Figure 2:

Modulus of Rupture test bar
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Plate 7. Instron TTDL modified for MOR testing.
Jig, crosshead, and controls are shown. Note
MOR bar in between two lower supports and one
upper support at center of jig.
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If a bar was under 1.75" long, it

of tests to be conducted.

was centered on the jig for testing.

If the bar was longer

than 1.75", it was set on the jig off-center, with one end
overhanging one of the supports by 0.125", so as to allow

the bar to be tested a second time.

The bar was set on the

lower supports with the best surface finish facing down.

The load was then applied and relaxed several times to take
up the slack in the jig.

Once a straight line on the chart

recorder was obtained, the crosshead was allowed to move at

the same speed of 0.02"/min until fracture occurred.

The

pieces were then recovered and the width and thickness
of the bar were measured at the fracture point.

If one

piece of the bar was more than 1.25" long, it would be

centered in the jig and tested as well.

The rebreaks of

the castings are indicated in the data with the letter "A"
following the cast number.

H. METALLOGRAPHY AND GRAIN SIZE MEASUREMENT

Metallography was performed on each bar near each

fracture surface to determine grain size and structure.
The specimens were mounted in bakelite and ground using
80, 120, 240, 320, 400, and 600 grit papers.

They were

then polished with 5, 1, and .05 micron Alumina and given a

dip etch of 35 seconds in a mixture of 1 part nitric, 1 part

22
acetic and 1 part hydrochloric acids.

Grain sizes from

all specimens were determined using Heyn's intercept

method via the reticle incorporated in the microscope eye

piece.

Grain elongation was calculated using the formula:

G.E.= (nl-n2)/[nl + (pi/2-l)n2]

Where:

nl

n2

pi

=

[12]

the number of grains intersected

perpendicular to the direction of
columnar growth.

=
=

the number of grains parallel
3.1416

This number, which varies from o for completely equiaxed

grains to 1 for thin fibers, gives an indication of the

directionality of the grains.
I. HARDNESS TESTING

Microhardness testing was performed on each bar near

each of the fracture surfaces, using a Leco DM 400 micro

hardness tester.

Hardness values were measured on the

Knoop scale, using a 500g load and a 15sec test time (12sec

dwell time).

Microhardness values using the Vickers scale,

300g and a 15sec time were also performed on a pure specimen

and one containing boron, with the indenter placed in the

center of a grain to avoid any interaction with the grain
boundaries.
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J. X-RAY DIFFRACTION
X-ray diffraction was performed on pure and boron

containing CoAl using the Phillips XRG 3000 of the U.S.
Bureau of Mines Rolla Research Station.

Copper K-alpha

radiation was used with a tube voltage of 40kV and a current

of 35mA.

A monochrometer was used to remove the significant

amounts of Cobalt flourescence.

The scan was performed in

0.02 degree increments with a scan time of 0.lsec/increment
and a 2-theta range of 10 to 90 degrees.

A blank containing

the clay used to mount the specimens was also run in order

to eliminate any false peaks due to diffraction in the clay.
K. SCANNING ELECTRON MICROSCOPY
A fracture surface of pure and boron containing CoAl

was mounted and placed in a Coates-Welter Field Emission
Scanning Electron Microscope and the fracture surfaces

examined for topography and the presence of any precip

itates or second phases that were too small to be seen with
optical microscopy.

The microscope is equipped with a

Tracor Northern EDS system with a Be window, and is capable

of detection of atomic numbers as low as 11.
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III.

EXPERIMENTAL RESULTS AND OBSERVATIONS

There were four types of results from this experiment.

The first of these results were the problems that were

encountered in the development of the procedure.

The second

results were the observations made during the fabrication
and testing of the specimens.

The third was the numerical

data from the mechanical tests performed on the specimens.

Finally, the fourth set of results were from the microanal

yses performed on the specimens.
A. PROCEDURE CRITIQUE

A considerable number of problems were encountered in

the development of the experimental procedure, some of
which were overcome, and some of which were not.

In order

to fully document what was done in this study as well as to

spare future researchers from having to overcome the same

problems, it is necessary to include these problems and how

they were overcome, if they were.

It is also desireable to

divorce this information from the procedure in order to
leave that section as uncluttered as possible.
1. Construction of Melting Cell

Two other chambers were built that were to be flushed

out with Ar at a positive pressure.

The first broke, and
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the second failed because flushing could not get all of the

air out of the crucible pores and dead spots of the chamber.

This resulted in severe oxidation of the charge even though

the heating was stopped before the CoAl was molten.

Because

the chamber was not sealed well enough to evacuate down to
the 50 millitorr range, it was necessary to build a new

chamber as described in the procedure.
2. Charge Preparation

An attempt was made to remove the black oxide from the

Co by pickling it in a 1:1 mixture of water and concentrated
nitric acid, followed by washing and ultrasonic cleaning in

methanol.

This resulted in porosity and excessive oxidation

of the charge after melting and solidifying.

It is likely

this was the result of incomplete removal of the nitric acid

from the pores etched in the Co.

This would have resulted

in a breakdown of the nitric acid upon heating, with the

oxygen oxidizing the Co, and the hydrogen being dissolved in
the liquid, causing porosity upon solidification.
3. Charge Melting and Cleaning

Several trials were made putting the Co in places

other than on the bottom of the crucible, such as in the top
of the crucible or mixed with the aluminum.

These trials

were unsuccessful, however, because the Al would melt into
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the bottom of the crucible, while the cobalt would stick to
the side where it would never get hot enough to melt.

The first gas to be used in the chamber was argon with

5% hydrogen, because a bottle of it was available and it was
hoped that the hydrogen would help prevent oxidation.

resulting buttons of CoAl were filled with small pores.

The

When pure Ar was used, the small bubbles disappeared, making
it very likely that the original porosity was caused by the
hydrogen.

It was this that led to the conclusion that the

porosity in the charges containing the pickled Co was the
result of hydrogen coming from the unremoved nitric acid.
On all of the melts, a vapor was observed coming off the

charge just prior to reaching the melting point, and some

times during the melting of the aluminide.

In making melt 13, arcing occurred between the coil

and the chamber.

Arcing was present in six subsequent melt

attempts, causing them to be aborted.

The arcing problem

was finally eliminated by changing the tap setting from tap
16 to tap 12.

4. Bar Casting

It was originally intended to cast net-shape button

head tensile bars and do tensile testing.

specimens could not be cast.
this.

However, these

There are several reasons for

First, there is the geometry of the bar itself.
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Because of the wide ends and the narrow center diameter of

the bar, the bar was prohibited from shrinking during

solidification and cooling to ambient temperature, while at

the same time the mold was expanding due to its being
heated up by the casting.

This put tremendous tensile

stresses on the bar, resulting in hot tearing during

solidification and/or fracture during the cooling of the
brittle casting to room temperature.

An attempt was made to get around this problem of

the bar cracking during shrinkage by holding the two mold
halves together with a cement that melted at 52C, hoping

that the mold would split apart and allow the casting to
shrink by itself.

This attempt, however, failed to solve

the hot tearing, nor did it always prevent the brittle
fracture upon cooling.

Investment casting in a silica mold

was attempted as well, but the molds were also too strong.
Fracture upon cooling was also the result, even when the

thickness of the molds was the bare minimum to prevent
breakage during handling.

Castings of one-ended specimens

were unsuccessful as well, due to the seizure of the bar

during shrinkage which lead to hot tearing and fracture.

Because of the severity of these problems, the large

shrinkage of CoAl, and the inherent brittleness and coarse
grained structure of CoAl, it was decided that casting a
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rectangular bar and doing modulus of rupture testing would be

the best method available for obtaining data, as well as

being more applicable for a material this brittle.

Also,

since radiography revealed extensive pipe in the vertically

cast specimens, the MOR specimens were cast horizontally.

This caused the shrinkage to be on the top edge, where it
was easily ground off.

5. Modulus of Rupture Testing

Because tensile testing at elevated temperatures

was originally intended, the Instron TTDL was modified

for testing buttonhead specimens.

The modification

consisted of purchasing two buttonhead couplings with

a .505" window and .310" slot opening, along with two

pull rods from Applied Test Systems of Butler, Pa.

These four items were made of MAR-M247 and could be used at
temperatures as high as 1100c.

Two adapters of 304 stain

less Steel, machined by Polster Tool Engineering of Ballwin

Mo. connected the pull rods to the crossheads, enabling the
Instron TTDL to be easily converted to use for MOR testing.

Finally, a 12" long, 3" bore split tube furnace purchased

from Thermcraft of Winston-Salem N.C. was installed for

heating the tensile bars.

This furnace had a maximum

temperature of 1200c and was controlled by an Omega CN9000
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series controller with the upper temperature limit set at
llOOC to protect the couplings.

Tests with aluminum-based

alloys showed the set-up worked very well.
6. Hardness Testing

Attempts were made at performing hardness tests

using a diamond indenter in the Rockwell A, D, and c scales.

These attempts were unsuccessful due to the highly brittle

nature of the material which caused the specimen to shatter
upon application of the load.

While the shattering was

overcome by using mounted specimens, cracks could be seen

radiating from the indentation and so these results are not

reported.

B. EXPERIMENTAL OBSERVATIONS

During the course of making the test specimens and

testing them several observations were made that are impor
tant in understanding the effects of boron on CoAl.

These

observations are listed in the order in which they occurred.
After melting of the original charge, all charges

without boron contained a shrinkage void that broke the

surface (see Plate 5).

It was concluded that this was a

result of the high radiation losses from the liquid due to
the extreme temperatures,

Causing the top of the bead to

solidify before the center solidified from conduction
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through the crucible walls.

The size of the void was close

to the volume of the shrinkage loss, while the interior of

the void was shiny, making a blowhole due to dissolved gases

unlikely.

The charges containing boron, on the other hand,

had the standard shrinkage pipe in the center of the charge.
During the cleaning of the charges, several broke during

grinding due to being dropped.

It was observed that the

fracture surfaces of the charges containing boron had a dull

surface, while those on the pure charges were shiny.

There was also a very noticeable difference between

the surfaces of the bars of pure CoAl and those containing
boron.

The pure CoAl bars had a very smooth, shiny surface,

while those containing boron had a dull appearance and a
rough surface similar to the original mold walls.

Another

difference in the as-cast bars was that those containing

boron wet the surface of the mold at the top of the bar,

while those without boron did not.

Finally, the bars con

taining boron formed a standard shrinkage pipe, while those

without boron had a shrinkage void below the surface.
(See Figure 3)

The fracture of the test specimen in the MOR testing

was very sudden and accompanied by a medium-pitched snap.

Upon fracture the two halves of the specimen flew several

inches into the air at a 45 degree angle before decending.
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Figure 3: Cross-sections of cast bars with and without boron
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Inspection of the jig revealed several slivers of CoAl, of

length corresponding to the width of the original bar and
with end dimensions in the 0.05 to 0.10" range, setting
between the lower supports of the jig.

Also, all chart

recordings of the tests showed a sudden drop in load,
indicating that the crack propagated very rapidly.

It was

noticed during visual inspection of the fractures that the
fracture surfaces of the specimens containing boron had a
duller appearance than the others.

C. MECHANICAL TESTING DATA

Two types of mechanical tests were performed on both

chemistries of cobalt aluminide:

room temperature modulus

of rupture and room temperature microhardness.

Modulus of

rupture was calculated using the following equation:
2
S = 1.5PL/bd
where:

sis MOR in psi

Pis force of failure in lbf

Lis distance between lower supports (l")

b is width of bar at fracture in inches

d is thickness of bar at fracture in inches

Microhardness data, as stated before, is in the Knoop scale.
Several specimens were also tested using the Vickers scale,

having the indenter intersect only one grain.
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The following two tables summarize the results of

these mechanical tests, with the following terminology used.
Cast:

Refers to casting number in cast log in Appendix
D.

The letter "A" after the number refers to the

second MOR test performed on the bar, if two were

performed.

Finish:

Refers to finish of bottom surface of bar.

b:

Width of the bar, measured at fracture point.

S:

Modulus of rupture in psi

d:

GS:

GE:

HK:

HV:

25 microns (600 grit) or 5 microns.

Either

Thickness of bar, measured at fracture point.
Average grain size in microns.

Grain elongation number from equation in [12]

Microhardness in Knoop, mean of 5 tests.

Microhardness on Vickers scale, mean of 5 tests.

To determine if there was a statistically significant

difference between the two chemistries, a statistical

comparison was run using Student's t-distribution, testing

at the 95, 99, and 99.9% confidence level for the MOR

results, and the microhardness values.

The results of these tests are that, statistically, the

modulus of rupture and the microhardness of the boron con
taining CoAl are very significantly higher (99.9% level)

than those of the CoAl without boron.

see Appendix B.

For raw calculations,
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A comparison of the means of the two chemistries gives

the following per cent increases in the values as a result
of the addition of boron:

MOR: from 30.1 to 44.3 ksi

47%

from 553 to 754

36%

HK:

HV:

from 543 to 693

28%
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TABLE I
MECHANICAL TESTING DATA FOR COBALT ALUMINIDE

s

HK

HV

30.4

530

553

.216

30.6

.218

.24

25

.188

26A

25

27

Cast

Finish
microns

in

d
in

22

25

.214

.199

25

25

.246

25A

25

26

b

ksi

G.S.
microns

G.E.

200

.19

548

200

.76

19.2

506

190

.84

.135

24.5

514

150

.82

.186

.136

18.7

512

200

.84

25

.206

.200

33.7

504

210

.83

27A

25

.200

.206

33.1

511

150

.28

28

25

.200

.122

35.3

542

220

.39

28A

25

.204

.126

46.3

500

150

0

29

25

.209

.116

46.4

540

200

.66

29A

25

.219

.120

47.6

507

270

.24

30A

25

.207

.143

34.7

559

290

.76

31

25

.204

.195

26.3

490

250

.43

31A

25

.207

.191

19.1

499

210

.31

32

5

.201

.229

24.5

749

40

.08

32A

5

.193

.224

22.4

721

110

.64

35

5

.207

.188

30.1

540

290

.49

Mean

30.4

543

193

.49

Standard Deviation

10.1

73

63

.28

499
.219
.163
36
5
34.5
150
.28
-------------------------------------------------------------------
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TABLE II
MECHANICAL TESTING DATA FOR COBALT ALUMINIDE WITH 0.5wt% B

s

Cast

Finish
microns

b
in

d
in

23

25

.192

.175

51.5

33

5

.202

.157

44.9

691

50

.03

33A

5

.209

.167

37.8

734

50

.02

34

5

.198

.196

52.9

546

100

.46

34A

5

.196

.192

50.0

549

100

.67

37

5

.168

.149

43.0

709

140

.63

37A

5

.168

.145

44.2

735

130

.83

38

5

.177

.173

32.0

680

50

0

38A

5

.183

.177

46.3

759

40

.07

40

5

.241

.182

45.7

730

50

.14

41

5

.243

.180

53.7

716

50

.11

42

5

.166

.194

48.3

748

45

.03

42A

5

.166

.193

42.0

674

45

.36

43

5

.186

.158

40.4

717

40

.05

44

5

.219

.213

37.7

712

50

.41

44.3

693

70

.28

6.2

64

35

.28

ksi

HK

HV

G.S.
microns

759

G.E.

44A
.209
.215
37.7
5
695
105
.43
----------------------------------------------------------

Mean

Standard Deviation
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D. MICROANALYSIS RESULTS
Three types of microanalyses were performed on the

specimens in order to better understand the effects of boron
and the results of the mechanical testing.

Optical micro

scopy was performed to determine the size and orientation of
the grains.

X-ray diffraction was done to determine the

crystalline phases present, and Scanning electron microscopy

was used to analyze the fracture surfaces of the test
specimens.

1. Optical Microscopy Results

As was stated before, all bars were sectioned and

metallographically prepared for the determination of grain
size.

Examples of these are shown in Plates 8 to 11.

Plates 8 and 9, taken at low magnification, show

the macrostructures of the entire cross-section of each bar.
Of interest here are the large columnar grains present in

the pure CoAl bar that go virtually all the way to the
center.

The specimen containing boron, on the other hand,

shows smaller grains and a much more equiaxed structure.
Plates l0a and lla show the structure at 120x.

Here,

the great difference in grain size is easily visible, with

the boron containing sample having a much smaller grain
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Plate 8. Optical macrograph of cross-section of
CoAl bar.

Plate 9. Optical macrograph of cross-section of
CoAl with 0.5wt% boron bar.
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Plate l0a.

Plate 10b.

Optical micrograph of CoAl at low
magnification (120x).

r�

Optical micrograph of CoAl at high
magnification (600x).
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Plate lla. Optical micrograph of CoAl with
0.5wt% boron at low magnification (120x).

Pla�e rr� optical micrograph of CoAl with
0.5wt% boron at high magnification (600x).
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size.

Only columnar growth is present in the pure CoAl,

while that with the boron shows dendritic growth, finally

going to an equiaxed structure in the center.

At the highest magnification used, 600x, the differ

ences in the grain boundaries are more apparent.

The main

observation here is that the grain boundaries between three
grains in the boron containing material appear to contain
a second phase or segregation. (See Plates l0a, 10b)
2. X-ray Diffraction Results

The results of X-ray diffraction on the samples with

and without boron are enlightening in two ways.

First, by

showing peaks at the six d spacings for CoAl, it confirmed

that CoAl had, in fact, been made and secondly, the presence

of additional peaks in the sample containing boron revealed

the presence of a second phase, alpha-AlB

12
The diffraction pattern of the pure CoAl had strong

peaks at d spacings of 2.86, 2.02, 1.65, 1.43, 1.28, and
1.17 angstroms.

The peaks were rather broad, and the rela

tive intensities were different from the JCPDS values.

These results can be expected for a solid cast material,

where the orientation is not random as in a powder specimen.

All other peaks were found to be from the clay used to
mount the sample in the holder.
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After running the sample containing boron, it was not

iced that some peaks were present that had not been seen in
the pure specimen.

When the two patterns were superimposed,

the additional peaks were discovered at d spacings of 4.12,

2.19, 1.79, 1.49, and 1.31 angstroms.

All of these peaks,

including the strongest one at 4.12 angstroms, matched up

almost exactly with d spacings for tetragonal alpha-AlB ,
12
strongly suggesting the presence of this compound.
3. SEM Results

The results of the scanning electron microscopy of the

fracture surfaces were in agreement with the other obser

vations.

The fracture surfaces of both specimens revealed

brittle cleavage fracture, with the grains in the pure

CoAl being so much larger that it was necessary to use a

much lower magnification. (See Plates 12a, 13a)

The micro

graph of the CoAl with boron shows that a large number of
small precipitates and holes the size of the precipitates

are present on the fracture surface.

This surface also

appears slightly different from the pure CoAl in that the

edges are not as sharp and the planes not as flat.

This

indicates that the fracture was forced to change direction
more often during propagation.
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Plate 12a. SEM micrograph of fracture surface of
CoAl at low magnification. Note sharp edges
and flat planes of fracture surface.

Plate 12b. SEM micrograph of fracture surface
of CoAl at high magnification. Note flat,
cleaved planes.
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Plate 13a. SEM micrograph of fracture surface of
CoAl with 0.5wt% B at low magnification. Note
small particles and holes on uneven surface.

Plate 13b. SEM micrograph of fracture surface
of CoAl with 0.5wt% B at high magnification.
Note particles and holes on grain boundary
and surface.
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Higher magnification of the pure CoAl fracture surface

revealed nothing new (12b), while higher magnification of

the specimen containing boron revealed that it was dotted

with small particles and pits in the range of 3 to 4
microns.

These particles were nearly equiaxed and were found

at most grain edges and boundaries, and on the surface of a

few grains.

It was also noticed that the fracture did not

propagate through the particles, but that it was forced to go
around them. (13b)

It was not possible to determine by using

EDS whether these were AlB

12

or not.

Their small size

and low average atomic number, gave an interaction volume

considerably larger than the particles themselves. In addi

tion, the inability of the X-ray detection system to detect

light elements such as boron prevented their positive

identification.

The attempts made were completely

inconclusive in either direction.
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IV. DISCUSSION
There are three main points of discussion for the

effects of adding 0.5wt% boron to CoAl.

These are: 1) how

does adding 0.5wt% boron affect the mechanical properties of

CoAl; 2) how does 0.5wt% boron affect the solidification and

microstructure of CoAl; and 3) what are the relationships

between the effects on the mechanical properties and the
microstructure.

These effects of boron on the mechanical properties

would initially seem easy to discuss.

There is a nearly

50% increase in the mean modulus of rupture of CoAl as well
as significant increases in both types of microhardnesses.

While these significances were derived statistically, we

must take a closer look at the data to determine what these

differences mean.

In the case of MOR, the mean MOR went up

nearly 50% and the standard deviation decreased from 10.1 to
6.2 ksi.

What is also important here is the property that

didn't change, ductility.

This brings us home to the fact

that this is with a very brittle material.

From an engin

eering standpoint, the significant fact is the change in the

lower confidence limit, meaning that the addition of boron
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has made CoAl a more reliable material, but that its high

standard deviation and brittleness still makes it unsuitable
for critical engineering applications.

While there was a

significant change in both microhardnesses, it's important

to note that the hardness of the grains, as measured in the

Vickers scale, went up more than the hardness of the grains
and boundaries, as measured in the Knoop scale.

The hard

nesses, even in the pure CoAl of 543 HK, were much higher

than the value of 440 HV (470 HK) found in the literature
for arc melted CoAl [7].

A simple examination of the data

will also reveal that there is little correlation between

hardness and MOR for any one specimen; which points out the
difference in what we are measuring between the two tests

for a brittle material.

In the microhardness testing we

were measuring the strength at 5 randomly chosen spots

in the interior of the specimen, while in the MOR testing
we are measuring the strength in the weakest part of the
outside of the specimen.

While a general correlation for a

large number of specimens can be expected, (the material
with boron had higher MOR, HK, and HV) a point to point
correlation cannot be expected.

What determines the

loading a brittle material can withstand is not just the

overall strength of the bonds between the atoms and grains,

but the size of the one critical flaw that will propagate
and cause failure.

Finally, in hardness testing we are
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loading the material in compression, and not in tension, as

in the MOR testing.

To fully understand the effects of boron

on CoAl, we must look at more than just the results of mech
anical testing.

The effects of the addition of boron on the solidifi

cation and microstructure of CoAl are striking.

The most

easily noticeable of these effects is the lowering of the

surface energy which enabled the CoAl with boron to wet the
mold.

Optical microscopic examination revealed a drastic

change in the microstructure, from almost completely
columnar structure to a dendritic structure with a

sizeable equiaxed zone in the center and a reduction
in grain size by a factor of three.

These

alterations

are the result of greatly enhanced nucleation in

the liquid, caused by either a lowering of the surface

energy of the solid and hence a smaller critical radius,
or from the presence of an inoculant in the liquid.

At this point it is pertinent to mention the results of

transmission electron microscopy performed on the specimens

with and without boron [13].

Here, a second phase was found

in the specimen containing boron at the grain boundaries and
in the centers of a large number of the grains. (See Plates
14 and 15)

The precipitate was identified by SAD as being

tetragonal alpha-AlB
diffraction.

12

,

confirming the results of the X-ray

The size of these precipitates was in the
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Plate 14.

TEM micrograph of AlB

precipitate at
12
grain center of CoAl-0.5wt% B. (Micrograph
courtesy of Gerald B. Feldewerth)

Plate 15. TEM micrograph of grain boundary in
CoAl-0.5wt% B. Note black precipitate at
grain boundary and edges. (Micrograph
courtesy of Gerald B. Feldewerth)

50
1 micron range, corresponding very closely to the size of
the particles observed in the SEM.

Also of note is AlB 's
12
melting point of 2150C, well above any temperatures encountered during melting and casting.

The presence of high

melting point AlB
raises the question of whether it acted
12
as an inoculant for the nucleation of the CoAl. This, however, is considered unlikely due to its presence at the

grain boundaries, the fact that it is not at all of the
grain centers, and the large size of the particles.

It is more likely that it precipitated as a solid state

reaction, although this is by no means certain without
further investigation.

What could not be resolved by the

microanalyses is whether all of the boron was tied up as

AlB

12

, or if some interstitial boron was present as well.
In trying to find relationships between the micro-

structure and the mechanical properties, it is important to
note that the mode of fracture in both chemistries was the
same, brittle cleavage.

It is this fracture which shows a

weakness in the grains themselves. All fractures, however,

must initiate somewhere, and the most likely place for a
fracture to initiate is at a grain boundary.

It is these

two facets of the brittle nature of the fracture in CoAl

with and without boron that lead to two possible effects
of the addition of boron on the modulus of rupture.
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These are: 1) the grains themselves were strengthened
or crack propagation interfered with by the addition

of boron, and 2) the addition of boron significantly

reduced the maximum flaw size and hence raised the
stress necessary for crack propagation.

The first of these, the strengthening of the grains

by the interference with crack propagation, is suggested
by the fracture surfaces themselves.

In the specimens with

boron, there were no large, flat planes of fracture as was
In this case, the fracture was

seen in the pure material.

forced to change directions many times, with each change of
direction making it more difficult for the crack to propa

gate.

There are two causes for the interference with the

crack propagation:

the reduced size and more equiaxed shape

of the grains, and the AlB

grain boundaries.

12

precipitates in the grains and

The smaller grain size makes each

plane of fracture smaller and thus forces more changes in
direction as each grain boundary is crossed.

The presence

of the precipitate does the same thing, only more severely,

as the fracture was forced, not to change direction in
order to propagate through the precipitate, but to
actually go around each of the precipitates.

These

two interferences in the propagation of the crack

would have made propagation more difficult, and thus a
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higher force would have been required for fracture.

The

strengthening of the grains as a cause for the increase

in the modulus of rupture is further supported by the

greater increase in the microhardness of the grains, as

noted in the Vickers test, versus the grains and grain
boundaries, as noted in the Knoop test.

The reduction of the maximum flaw size, which controls

the initiation of fracture, would have a very significant

effect on the modulus of rupture, despite the transgranular

nature of the fracture.

The grain boundaries are the most

likely places for a large flaw to occur.

It is a

change in the grain size and shape, as well as the

the presence of precipitates at these grain boundaries
that would reduce the maximum flaw size.

The size of

a flaw and its relationship to the other flaws is

dependent directly upon its depth into the material

and inversely upon its radius of curvature where it dies
out [14].

Assuming that the radius of curvature is the same

for all grain boundary flaws and is in the sub-micron range,
the flaw that leads to failure is the flaw that is

deepest.

Examination of the mechanical testing data

reveals no significant increase in the modulus of rupture

when a better surface finish was present, making it likely

that the critical flaw was not due grinding scratches.
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These would have been 5 to 25 microns or more in depth, but

they would have had a high radius of curvature, giving them
a relatively low depth to radius ratio and lowering their
stress-raising coefficient.

This strongly suggests that the

flaw causing failure was a grain boundary flaw having a
small radius of curvature.

This would make the flaw depth

dependent upon the size and shape of the grains.

In the

case of the material studied, the pure CoAl with its large

columnar grains would contain grain boundaries penetrating

deep into the interior of the bar, an ideal deep flaw

that would propagate at low stress and give a low modulus

of rupture.

Also, since these grains varied greatly

in length, there would be a wide variation in the flaw

depth, leading to the observed wide variation in the MOR

data.

Small dendritic or equiaxed grains, as pres-

ent in the boron-containing bars, would have flaws having a
much shallower depth, while the presence of precipitates
at the grain boundaries would reduce the depth of these

flaws even more, by blocking the deep interface between
the grains.

The smaller, more uniform, grains lead to a

higher and more uniform MOR, as shown by the lower

standard deviation in the boron containing material.

Hence,

54

a reduction in the grain size and a change in the shape

would give the higher MOR measured, but would do little
to contribute to the increase in hardness.
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V. CONCLUSIONS
As was mentioned in the introduction, this is the
initial phase of an ongoing study, and much of the work
involved the development of the procedure for fabricating
test specimens and testing them, instead of gathering data
on the effects of boron on cobalt aluminide.

Because of

this, the conclusions of this experiment are twofold:

the

first conclusions are those that can be drawn from the
limited amount of data present; and the second conclusions
are suggestions for future work to be done in order to
answer all of the questions raised as a result of this
study.
A. EXPERIMENTAL CONCLUSIONS

The addition of 0.5wt% boron has significant effects
on the modulus of rupture, microhardness, solidification,
and microstructure of cobalt aluminide and causes a second
phase, AlB

12

, to be present.

for two reasons.

The MOR increased nearly 50%,

First there was a reduction of the size of

the grain boundary flaws caused by a reduction in the grain
size, a more equiaxed shape of the grains, and the presence
of a precipitate, AlB

12

, at the grain boundaries.

The

second reason for the increase in the MOR is due to an
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increased resistance to crack propagation as a result of

the smaller grain size and the presence of the precipitate

AlB

12

, which forced the crack to change directions and

thus raised the force required to initiate crack propagaA significant increase in the microhardness was

tion.

also realized, most probably due to the strengthening of

the grains and grain boundaries from the hard precipitate
AlB

The microhardness for pure CoAl and CoAl with

12

boron were both much higher than for pure arc melted CoAl,

probably due to the more rapid solidification occurring in

the small, cold bar mold as opposed to the hot arc-melting
crucible.

The addition of boron greatly increased the nuc

leation of the CoAl due most likely to a lowering of the

surface energy of the solid, but possibly from the presence

of AlB

12

in the liquid acting as an inoculant.

This resul-

ted in a much finer, more equiaxed grain structure.

ally, there is, the presence of the second phase, AlB
which forms in the grains and grain boundaries, most

Fin12

,

likely the result of a solid-state precipitation reaction.
B. SUGGESTIONS FOR FUTURE WORK
The problem with several of the above conclusions is

that the causes for the changes in the mechanical properties
and the microstructure are unknown.

It would be desireable
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to perform some additional research in the future in order
to fully understand the causes for the changes and to

develop a further understanding of the effects of boron on

cobalt aluminide.
AlB

One question to resolve would be the solubility of

12

in liquid and solid CoAl.

By performing X-ray dif-

fraction at temperatures as high as 1700C, it would be

possible to determine if it is completely soluble in the
liquid, which would determine its role as an inoculant;

or it would indicate at what temperature it is completely
soluble in the solid, if at all.

A series of solution

izings, quenchings and anneals would help reveal how the

precipitates grow during the cooling to room temperature.
The question of the strengthening of the grains as

opposed to the grain boundaries as due to the presence of
AlB

12

could be clarified by very slow solidification to

form single grains that would be large enough to easily

perform microhardness tests on.

The question of whether the increased MOR is the result

more of the reduction in flaw size or from the increased
crack resistance of the grains could be investigated by

performing K

IC

testing on specimens with and without boron.

The specimens would be prepared so that there was an equal

flaw size in both types, and the crack growth coefficient
could then be measured.
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Finally, the amount of boron added to the melt could

be altered and the same experiments performed to further
determine the effects of boron on cobalt aluminide.
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APPENDIX A

SHRINKAGE FROM LIQUID TO SOLID AT ROOM TEMPERATURE
In order to get an estimate of the shrinkage of CoAl

from liquid to a solid at room temperature two sets of cal
culations were run: 1) a best case, taking the volume of

solid cobalt and solid aluminum at room temperature and
comparing it to solid CoAl at room temperature; and 2)

a worse case, taking the volume of liquid cobalt and liquid
aluminum at 1648C and comparing it to solid CoAl at room

temperature.
Case 1:

solid elements vs solid CoAl

for 30g CoAl:

30g CoAl/6gm/cc = 4.87cc CoAl

20.6g Co/8.9gm/cc = 2.31cc Co

9.42g Al/2.7gm/cc = 3.49cc Al

Sum Al and Co = 2.31cc + 3.49cc = 5.80cc

Vol % Shrinkage = 100%(5.8 - 4.87)cc/5.8cc = 16%

Case 2:

liquid elements at 1648C vs solid CoAl
-6
Coef. of Therm. Exp. (x 10 ) : Al = 25/C
Co = 12/C
3
Exp Al: [l+.000025/C(l648-25C)] = 1.13
3
Exp Co: [l+.000012/C(l648-25C)] = 1.06
Vol Al:
Vol Co:

l.13(3.49cc) = 3.94cc

l.06(2.3lcc) = 2.45cc

Sum of Al and Co:

Vol % Shrinkage:

3.94c + 2.45cc = 6.39cc

100%(6.39 - 4.87cc)/4.87cc = 23.8%

So, the 15% given on page 12 is a conservative estimate.
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APPENDIX B
MECHANICAL PROPERTY STATISTICAL CALCULATIONS
Modulus of Rupture Results
Pure Cobalt Aluminide
mean

=

x

MOR

MOR-x

=

30.4 ksi

(MOR-x)

2

Cobalt Aluminide - .5wt% B
n

=

18

mean
MOR

=

y

=

44.3 ksi

MOR-y

(MOR-y)

2

n

o.o

51.5

7.2

51.8

44.9

0.6

0.4

-11.2

125.4

37.8

-6.5

42.3

24.5

-5.9

34.8

52.9

8.6

74.0

18.7

-11.7

136.9

50.0

5.7

32.5

33.7

3.3

10.9

43.0

-1.3

1.7

33.1

2.7

7.3

44.2

-0.1

0.01

35.3

4.9

24.0

32.0

-12.3

151.3

46.3

15.9

252.8

46.3

2.0

4.0

46.4

16.0

256.0

45.7

1.4

2.0

47.6

17.2

295.8

53.7

9.4

88.4

34.7

4.3

18.5

48.3

4.0

16.0

26.3

-4.1

16.8

42.0

-2.3

5.3

19.1

-11.3

127.7

40.4

-3.9

15.2

24.5

-5.9

34.8

37.7

-6.6

43.6

22.4

-8.0

64.0

37.7

-6.6

43.6

30.1

-0.3

0.1

34.5

4.1

16.8

30.4

0.0

30.6

0.2

19.2

0.04

=

16
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Modulus of Rupture Results (Cont'd)
Pure CoAl:

Sum of (MOR-x)

CoAl-.5wt% B:

2

=

Sum of (MOR-y)

2

1422.6
=

572.0

MOR of CoAl-.5% B is significantly higher

Hypothesis:

than MOR of pure CoAL
S

[(1422.6+572)/(18+16-2)].5
.5
.5
Sx = [62.3j18]
= [3.5]
.5
.5
= [3.9]
Sy = [62.3/16]
=

Sx-y
t

=

=

[3.5+3.9]

.5

degrees of freedom

=

[62.3].5

2.7

=

(44.3-30.4)/2.7

=

5.1

=

nu

=

18 + 16 - 2 = 32

Test at 99.9% confidence level
for

nu

=

32,

t(.001)

=

3.646

5.1 > 3.646, so hypothesis accepted, MOR of
CoAl-.5wt% B very significantly higher than
MOR of pure CoAl.
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Knoop Microhardness Results
Pure Cobalt Aluminide

mean = X = 543 HK

n = 18
2
(HK-x)

HK-x
----------------------

HK

Cobalt Aluminide - .5wt% B

mean = y = 693 HK

n = 15
2

HK-y
(HK-y)
----------------------

HK

530

-13

169

691

-2

4

548

5

25

734

41

1681

506

-37

1369

546

-147

21609

514

-29

841

549

-144

20736

512

-31

961

709

16

256

504

-39

1521

735

42

1764

511

-32

1024

680

-13

169

542

-1

1

759

66

4356

500

-43

1849

730

37

1369

540

-3

9

716

23

529

507

-36

1296

748

55

3025

559

16

256

674

-19

361

490

-53

2809

717

24

576

499

-44

1936

712

19

361

749

206

42436

695

2

4

721

178

31684

540

-3

9

499

-44

1936
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Knoop Microhardness Results (Cont'd)
2
Sum of (HK-x) = 90131
2
CoAl-.5wt% B: Sum of (HK-y) = 56800
Pure CoAl:

Hypothesis:

HK of CoAl-.5% B is significantly higher
than HK of pure CoAL

S = [(90131+56800)/(18+15-2)].5 = [4452].5
.5
.5
Sx = [4452/18]
= [247.4]
.5
.5
= [296.8]
Sy = [4452/15]
.5
Sx-y = [247.4+296.8]
= 23.3
t = (693-543)/23.3 = 6.4
degrees of freedom = nu = 18 + 15 - 2 = 31
Test at 99.9% confidence level
for

nu = 31,

t(.001) = 3.646

6.4 > 3.646, so hypothesis accepted, HK of
CoAl-.5wt% B very significantly higher than
HK of pure CoAl.
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APPENDIX C
MELT LOG

In the development of the procedure and the making of

the test bars from which the data was obtained, some 45

charges of cobalt, aluminum, and sometimes, boron and tit
anium were mixed.

These mixes, when melted in the melting

crucibles, are referred to as melts.

Listed with each melt

number are the weights of each element added, as well as
anything significant about the melting apparatus and
procedure.

Some of the earlier melts, in which nothing

significant happened are listed together, but all melts

that ended up in bars listed in the data tables are recorded
seperately.

Melt 1

25.24g Al, 55.07g Co, 80.31g total, Ar-5%H2 atmos.
First melt in Chamber 1, recrystallized alumina

crucible in cement, melted through crucible.

Melts 2 to 4
Melt 5
Melt 6

16g to 32g total, Ar-5%H2 atmosphere.

Chamber 1 broke after melt 4

7.55g Al, 16.45g Co, 24.00g total, Ar-5%H2 atmos.
Only melt in chamber 2, severe oxidation.
8.84g Al, 19.29g Co, 28.13g total, Ar-5%H2 atmos.

First melt in Chamber 3 (current one), first melt

in Morcocast K4 crucible, last melt in Ar-5%H2.
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Melt 7

9.45g Al, 20.86g Co, 30.31g total, Ar atmosphere.
First melt in pure Ar atmosphere, no porosity,

all melts following in pure Ar atmosphere.
Melts 8 to 10

26.4g, 29.15g, 25.00g total.

Cobalt pickled in 1:1 Nitric Acid: Water, porosity
and excessive oxidation present.
Melt 11

9.09g Al, 19.81g Co, 28.90g total
No pickle given, no porosity or oxidation, first
melt in larger diameter Morcocast K4 crucible.
Crucible size changed because of availability of
crucible mold materials.

Melt 12

Melt 2 and remainder of Melt 4 combined.
Done to conserve Co and Al.

Melts 13 to 18

29 to 30 grams total.

Melts for attempts at casting tensile bars.
Melt 19

8.44g Al, 18.42g Co, 26.88g total.

Melt 20

8.24g Al, 17.91g Co, 26.15g total.
First melt with Micromaze trap and Drierite gas
purifier installed.

Melt 21

9.45g Al, 20.61g Co, 30.06g total.

Melt 22

7.84g Al, 17.16g Co, 25.00g total.

Melt 23

9.37g Al, 20.51g Co, 29.88g total.

Melt 24

16.88g Melt 22, 4.33g Al, 9.46g Co, 30.67g total.

Melt 25

9.49g Al, 20.71g Co, 0.15g B, 30.35g total.
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Melt 26

9.39g Al, 20.50g Co, 0.33g Ti,
0.17g B, 30.39g total.

Melt 27

9.35g Al, 20.45g Co, 29.80g total.

Melt 28

9.33g Al, 20.40g Co, 29.73g total.

Melt 29

9.40g Al, 20.56g Co, 29.96g total.

Melt 30

9.14g Al, 19.98g Co, 29,12g total.

Melt 31

9.42g Al, 20.48g Co, 29.90g total.

Melt 32

9.29g Al, 20.21g Co, 29.50g total.

Melt 33

9.39g Al, 20.50g Co, 29.89g total.

Melt 34

9.29g Al, 20.28g Co, 29.57g total.

Melt 35

9.32g Al, 20.31g Co, 29.63g total.

Melt 36

9.24g Al, 20.08g Co, 0.15g B, 29.47g total.

Melt 37

9.39g Al, 20.54g Co, 0.15g B, 30.08g total.

Melt 38

9.39g Al, 20.50g Co, 0.15g B, 30.04g total.

Melt 39

9.34g Al, 20.44g Co, 0.15g B, 29.93g total.

Melt 40

9.20g Al, 20.18g Co, 0.15g B, 29.53g total.

Melt 41

9.36g Al, 20.44g Co, 0.15g B, 29.95g total.

Melt 42

9.24g Al, 20.22g Co, 0.15g B, 29.61g total.

Melt 43

9.25g Al, 20.28g Co, 0.15g B, 29.68g total.

Melt 44

9.31g Al, 20.30g Co, 0.15g B, 29.76g total.

Melt 45

9.20g Al, 20.14g Co, 0.15g B, 29.49g total.
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APPENDIX D
CAST LOG

Prior to the successful casting of the rectangular MOR

bars, a sizeable number of attempts were made at casting a
variety of tensile bars.

In order to fully document these

attempts, they are listed in order, as well as the success

ful rectangular bars.

In this log, a cast is the successful

pouring of intermetallic into a mold.

Listed with each cast

is the melt used, with some melts being listed twice, as
they were remelted and cast to conserve material.

Like the

melt log, all significant events are listed as well.
Cast 1

Melt 12, thin-bottomed crucible with 0.25" hole

cast 2

Melt 11, thick-bottomed crucible with 0.25 11 hole

Cast 3

Melt 11, same crucible as Cast 2.

drilled in it.

Mold was an empty crucible.

drilled in it.

Mold was an empty crucible.
Mold was

copper buttonhead tensile bar shape with an
Cast 4

alumina wash.

Casting hot tore and cracked.

Melt 13, same crucible as cast 2.

Mold was sub

micron alumina powder packed around a wax invest
ment pattern, and the pattern was melted out.
Casting misran.
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Cast 5

Cast 6

Melt 7, thick-bottomed crucible {0.75") with 0.25"

hole vibra-cast in bottom. Mold was a thick-walled
investment mold.

Casting hot tore and cracked.

Melt 14, all curcibles are the same as in cast 5
unless noted.

Mold was packed alumina again with

a stainless steel chill in the center.
misran.

Casting

Cast 7

Melt 5, copper tensile mold without alumina wash.

Cast 8

Melt 15, mold was thin-walled investment mold with

Cast 9

casting hot tore and cracked.

a steel shot chill in the center.

tore.

Casting hot

Melt 9, mold was the same as above, although

casting was removed from mold immediately, it
still hot tore.

Cast 10

Melt 17, copper buttonhead mold held together with

Cast 11

Melt 15, same mold as above with smoother fillets.

52C melting point cement.

Casting broke at notch.

Casting hot tore.

Cast 12

Melt 18, same as above, but with no tube surroun

Cast 13

Melt 15, same as above, with bottom plug on mold

ding mold.

Casting hot tore.

extending below mold to help open it.
hot tore.

Casting
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Cast l0A

Melt 17, copper buttonhead mold with Cast 10 in
mold in attempt to cast end onto bar.

thermal shocked and cracked.

Casting

Cast 14

Melt 12, copper mole with only one buttonhead.

Cast 15

Melt 19, same mold as above but interior polished.

Cast 16

Melt 19, same mold as before with end of Cast 15

Cast 17

Casting hot tore.

Casting hot tore.

in mold in attempt to cast end on.
mal shocked and broke.

Casting ther

Melt 18, same mold as above, but with halves held
together with rubber band instead of 52C cement.

Casting held together.

Cast 18

Melt 7, same as above, but end broke off during

Cast 17A

Melt 18, attempt to cast end on Cast 17.

cast 19

Melt 20, same mold as above, but held together

Cast 20
Cast 21

handling.

Extensive centerline shrinkage.

thermal shocked and broke.

with an

o ring.

Casting

Casting hot tore, extensive

centerline shrinkage.

Melt 21, same as above.
shrinkage.

Extensive centerline

Melt 24, steel rectangular mold, poured into
center of mold.

Shrinkage void in center.

Cast 22

Melt 23, copper alloy rectangular mold (one des

cribed in procedure), poured into center of mold.

Shrinkage at top of bar and pouring end.

Cast 23

Melt 25, same as above.

Cast 25

Melt 27, same as above

Cast 24

Cast 26
cast

27

Cast 28
Cast 29

Melt 26, same as above.

Melt 28, same as above, part of bar broke off
during initial grinding.

Melt 29, same as Cast 25

Melt 30, same as above.

Melt 19 (20g melt), attempt at making smaller
melt.

Had difficult time getting the liquid to

pour out, due to reduced pressure head.

Cast 30

was small, but turned out fine.
Melt 34, same as above.

Cast 33

Melt 36, same as above.

Cast 34

Melt 35, same as above.
Melt 37, alumina rod used as mold top with no
noticeable results.

Cast 35

Melt 32, same as Cast 33.

Cast 37

Melt 38, same as above.

Cast 36

Cast 38

Casting

Melt 31, same as Cast 28.

Cast 31

Cast 32
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Melt 33, same as above.

Melt 39, alumina rod used again with no noticeable
difference.

74
Cast 39
cast 40
Cast 41
cast 42
Cast 43
Cast 44

Melt 40, same as Cast 37.
Melt 41, same as above.
Melt 42, same as above.

Melt 43, same as above.

Melt 44, same as above.

Melt 45, same as above.

